CT 06510, USA et al., 1995). Cultured mammalian cells commonly contain 2 Corresponding author 20-40 speckles, raising the intriguing possibility that RNA processing is restricted to minimal domains within Recent interest in understanding the spatial organizamammalian nuclei. Such a hypothesis immediately sugtion of gene expression has focused attention on nuclear gested either that many pre-mRNAs should be synthesized structures known as speckles or interchromatin granule within the vicinity of speckles or that nascent pre-mRNAs clusters (IGCs) revealed by immunofluorescence or must be transported to the speckles for processing. electron microscopy.
speckles (Spector, 1984 (Spector, , 1990 Nyman et al., 1986; of Medicine, One Baylor Plaza, Houston, TX 77030 and 1 Department Fonseca et al., 1992; Huang and Spector, 1992 ; Krause of Pathology, Yale University School of Medicine, New Haven, et al., 1994 ; for reviews, see Spector, 1993; van Driel CT 06510, USA et al., 1995) . Cultured mammalian cells commonly contain 2 Corresponding author 20-40 speckles, raising the intriguing possibility that RNA processing is restricted to minimal domains within Recent interest in understanding the spatial organizamammalian nuclei. Such a hypothesis immediately sugtion of gene expression has focused attention on nuclear gested either that many pre-mRNAs should be synthesized structures known as speckles or interchromatin granule within the vicinity of speckles or that nascent pre-mRNAs clusters (IGCs) revealed by immunofluorescence or must be transported to the speckles for processing. electron microscopy.
Staining of nuclear factors
Experiments to address the possibility that speckles involved in pre-mRNA splicing or, more recently, tranrepresent sites of transcription or processing of pre-mRNA scription, reveals 20-40 speckles per nucleus, resulting have utilized localization of either bulk or individual in the intriguing suggestion that speckles are nuclear transcripts. Use of oligo(dT) probes to detect bulk polysites of transcription and processing. In contrast, other adenylated RNA revealed a speckled localization (Carter investigations have observed transcription in other et al., 1991, 1993) . Several identified unique pre-mRNAs areas of the nucleus. In this study, we have examined have also been localized to speckles defined by staining the localization of active transcription as detected by with the anti-SC35 antibody (Huang and Spector, 1991 ; uridine incorporation and recently developed RNA Lawrence et al., 1993; Xing et al., 1993 Xing et al., , 1995 ; reviewed polymerase II antibodies, and compared this pattern in . Speckled localization was especially with that of known splicing and polyadenylation facprominent for microinjected RNAs or transcripts produced tors. Our results indicate that in actively transcribing from transfected DNAs (Wang et al., 1991 ; Huang and cells, transcription and splicing factors are dispersed Spector, 1996) . Such data suggested that the speckled throughout the nucleus with abundant sites of preferred pattern reflected localized accumulation of active splicing localization. In contrast, in poorly transcribing cells, and transcription factors. polymerase II and splicing factors localize to speckles.
An alternative proposal has suggested speckled nuclear In nuclei inactivated for transcription by drugs or heat structures as storage sites of splicing and transcription shock, the speckle type of co-localization is accentuated.
factors distal from the sites of bulk transcription occurring These observations suggest that bulk transcription and throughout the nucleoplasm and associated with chromatin splicing occur throughout the nucleus during periods (reviewed in Spector, 1993; van Driel et al., 1995) . of active transcription; and that factors involved in Supporting evidence for this proposal came from early these two processes re-locate to minimal speckle electron microscopy studies in which bulk transcription domains during periods of inactive transcription. Hendzel and Bazett-Jones, 1995) . Subsequent in situ nucleotide incorporation experiments using fluorescence In recent years, a number of studies have addressed the microscopy have confirmed this observation via the detecspatial organization of gene expression within mammalian tion of transcription at many sites within the nucleus other nuclei. Key to this endeavor have been experiments than the speckles (Jackson et al., 1993; Wansink et al., localizing polymerase II-derived nascent transcripts and 1993) . Furthermore, multiple identified pre-mRNAs have the factors that transcribe, splice and polyadenylate these been localized to regions of the nucleoplasm between the RNAs. A number of antibodies specific for elements of speckles (Zhang et al., 1994) . These results raised questhe transcription or pre-mRNA processing machinery have tions about speckles being the sites of pre-mRNA generabeen used to reveal subnuclear structures associated with tion and subsequent splicing. Such incorporation studies, pre-mRNA (reviewed in Spector, 1993; Fakan, 1994;  however, are compromised by the inherent difficulty in van Driel et al., 1995) . One particularly ascribing bulk transcription to pol II-driven pre-mRNA striking staining pattern is that observed using an antibody synthesis . raised against the conserved splicing factor, SC35. This antibody brightly stains nuclei from a wide variety of Determining the function in transcription and splicing of speckles is an important issue because of the ramifica-
Introduction

Results
tions that alternate interpretations have on the spatial Monoclonal antibodies H5 and H14 recognize relationship between transcription and RNA processing transcriptionally engaged polymerase II molecules within the nucleus. If transcription and processing are Monoclonal antibodies reactive for phosphorylated forms coupled, as studies in Drosophila indicate (Beyer et al., of mammalian polymerase II have recently been developed 1988), then it is difficult to visualize how all of the active (Bregman et al., 1995) . One of these antibodies, mAb H5, transcription sites in the average nucleus can be effectively is specific for a hyperphosphorylated form of the large coupled to 20-40 speckles containing processing factors. It subunit of pol II (IIo); a second antibody, mAb H14, also becomes difficult to explain why so much transcription recognizes various forms of the phosphorylated pol II occurs distal to speckles when in situ incorporation experilarge subunit. A population of non-transcribing polymerase ments are performed. If transcription and splicing are molecules that are phosphorylated on the CTD has been spatially uncoupled within the nucleus, it is difficult to detected by both H5 and H14 (Bregman et al., 1995 ; Kim envisage how extremely large pre-mRNAs can be made et al., 1997). However, phosphorylation of the CTD takes as a unit and then transported within the nucleus to place concomitant with the initiation of transcription speckle-type processing centers. Thus, it is difficult to (reviewed by Dahmus, 1995) ; consequently, we asked if reconcile observations that indicate disperse transcription mAb H5 and H14 recognize phospho-epitopes on actively centers and localized processing centers. Given the striking transcribing polymerase molecules. For this purpose, we visual observation that many factors involved in splicing used an in situ photoaffinity labeling technique can be found in speckles, it becomes imperative to . Briefly, nuclear run-on tranascertain if speckles are indeed the sites of active prescription was performed with isolated HeLa cell nuclei in mRNA production and/or processing.
the presence of [α-32 P]CTP (labeling nucleotide), 4-thioRecently, two antibodies directed toward RNA poly-UTP (photoactive RNA-protein cross-linking nucleotide) merase II were developed (Bregman et al., 1995) . One of and 3Ј-O-methyl GTP (chain-terminating nucleotide). these antibodies recognizes pol II hyperphosphorylated Then nuclei were exposed to UV light (λ max ϭ 310 nm) within the C-terminal domain (CTD) of the large subunit, to induce covalent cross-linking of the radiolabeled RNAs whereas the other recognizes hyper-, hypo-and interto proteins. The nuclei were extracted after digestion with mediately phosphorylated forms of the CTD. In this RNase to trim excess RNA from the proteins, and the study, we show that both pol II antibodies can recognize extract was used immediately for immunoprecipitation transcriptionally engaged polymerase molecules, indicatwith mAbs H14 and H5. ing that both antibodies can be used to detect sites of
The results indicated that, in the absence of the transcripactive transcription within the nuclei of mammalian cells.
tion inhibitor α-amanitin, mAbs H5 and H14 immunoUsing these antibodies and other antibodies specific to precipitated three distinct [α-32 P]CTP-radiolabeled RNA processing factors, we have observed that transcrippolymerase II subunits: IIo (~240 kDa), IIa (~220 kDa) tion and RNA processing overlap within a broad meshwork and IIc (140 kDa) ( Figure 1A Figure 1A , lane 1). mAb the ability to detect active transcription by bromo-uridine H14, which recognizes multiple phosphorylated forms of triphosphate (BrU) incorporation. In cells in which BrU polymerase, immunoprecipitated [α-32 P]CTP-radiolabeled incorporation was abundant, BrU incorporation, the large Pol IIo as well as a significant amount of Pol IIa (Figure subunit of polymerase II, and splicing and polyadenylation 1A, lane 4). In the presence of α-amanitin, radiolabeled factors were broadly located within the nucleoplasm and RNA was not detected on immunoprecipitated polymerase did not concentrate at speckles. molecules. Thus, mAbs H5 and H14 can recognize a In contrast, cells that poorly incorporated BrU demonpopulation of phosphorylated polymerase molecules that strated a strikingly different pattern in that both pol II is transcriptionally engaged in the in situ nuclear runantibodies and splicing factor antibodies co-localized to on assay. classic speckles, suggesting a redistribution of transcription and splicing factors during periods of inactive transcription. A similar speckled localization of pol II was observed Polymerase II localizes to many sites within the when transcription was experimentally arrested with either nucleoplasm drugs or heat shock, supporting such a redistribution.
Next, we wanted to know the nuclear localization of pol Therefore, our data suggest that active transcription and II that is actively engaged in transcription. mAb H5 and splicing occur throughout the nucleoplasm. Furthermore, mAb H14 have been shown to stain mammalian cells they support an alternative definition of speckles as broadly (Bregman et al., 1995) . Figure 1B and C indicates dynamic locales within the nucleoplasm in which transcripa staining of human ovarian cancer cells (OV-MZ-15; tion and processing factors localize between rounds of Möbus et al., 1994) with antibodies mAb H5 ( Figure 1B ) active pre-mRNA synthesis, perhaps for some form of and mAb H14 ( Figure 1C ). Broad staining of the entire recycling and reactivation. Our data also suggest that very non-nucleolar portion of the nucleus was observed, sugactive transcripts, such as those previously localized to gesting a wide distribution of pol II and, by inference, of speckles, may be found preferentially in, or adjacent to, transcription throughout the nucleoplasm. In this communspeckles because they provide a local high concentration ication, we refer to this nucleoplasm-wide staining as a meshwork because at higher resolution of the image, of processing factors following recycling. staining was not uniformly diffuse, but instead appeared pattern were the prominently staining speckles of SC35 ( Figure 2A , green) or the nuclear dots of pol II (Figure as a very dense fibrogranulous structure. Overlaying the meshwork were multiple discrete sites of preferred staining 2B, red). A few of the speckles overlapped with the 'dots' of polymerase II (overlay in Figure 2C ); for the most part, distinguishable from a classic speckle staining pattern. These discrete sites were very numerous in several tested however, the dots of preferred pol II localization and the SC35-defined speckles did not co-localize. Our result cell lines, with an average number of 100-200 per cell in a given focal plane (suggesting up to 1000 per nucleus)
suggests that the bulk of polymerase II is not localized to speckles and raises questions about models that propose and were observed throughout the entire nucleoplasm (with the exception of nucleoli). Therefore, preferred sites speckles as the sites of active transcription and RNA processing. of staining for pol II were noticeably more numerous per nucleus than the number of speckles per nucleus. Most sites detected by pol II-specific antibodies were also Uridine incorporation and pol II overlap both in a meshwork throughout the nucleoplasm and in smaller in appearance than classic speckles. To distinguish linguistically this latter pattern of pol II localization from many preferred sites To confirm that the pattern of staining detected with pol that classically referred to as speckles, we have termed these multiple sites of pol II localization nuclear 'dots'.
II-specific antibodies represented sites of transcription, double-label experiments were performed in which the pattern of pol II staining using antibody mAb H5 was Polymerase II localization pattern is distinct from speckles compared with sites of UTP incorporation during an in situ transcriptional run-on experiment ( Figure 2D -I). Speckles are frequently experimentally defined by staining with antibodies specific for splicing factors. One such Nascent transcripts were labeled with BrU and visually detected via the use of anti-BrU antibodies. Human CaSki factor, SC35, has been prominently localized to speckles (Fu and Maniatis, 1990; Spector et al., 1991) . Figure 2A -( Figure 2D -F) and OV-MZ-15 ( Figure 2G -I) cells were used for this experiment. C compares the staining pattern of cells stained with both pol II-and SC35-specific antibodies. Both antibodies For CaSki cells, two patterns of staining were observed that are represented by the two cells shown in Figure 2D stained broadly throughout the nucleoplasm in a meshwork pattern. Although the meshwork was much more visible F. One pattern was seen in 60-80% of the cells and is represented by the top cell in Figure 2D . In these cells, with the pol II antibody in optical sections, the two patterns of staining overlapped extensively, suggesting nascent RNA as detected by confocal microscopy was localized throughout the nucleus in a pattern very similar that a portion of the SC35 appears to be localized in the vicinity of polymerase. Superimposed on this meshwork to that of the pol II staining shown in Figure 2E (i.e. a Pol II-directed transcription was inhibited by treatment of CaSki cells with 1 mg/ml α-amanitin during an in situ transcription experiment. BrU incorporation was severely curtailed and bright staining was limited to nucleoli (J, green). Pol II staining was highly concentrated in speckle-like domains (K, red; overlay in L). Bar ϭ 1 μm.
nucleoplasm-wide meshwork overlaid with many sites of pol II and BrU incorporation similar to that of CaSki cells ( Figure 2G-I ). Both pol II and nucleotide incorporation preferred staining).
OV-MZ-15 cells demonstrated localization patterns of occurred throughout the nucleoplasm in a complicated pattern. The merged views ( Figure 2F and I) demonstrated transcripts, those cells that demonstrated active, nucleoplasm-wide transcription demonstrated nucleoplasm-wide considerable overlap of the two staining patterns (yellow) with the exclusion of nucleoli (marked as arrows). Because pol II localization, suggesting that in these cells the staining pattern of pol II-specific antibodies represents immunofluorescence can only provide an approximation of the actual extent of co-localization of two antigens with sites of transcription of pol II transcribed genes. In contrast, the 'speckle' staining pattern for pol II was only observed immunofluorescence patterns as complex as those in Figure 2D -I, a conservative interpretation of these patterns in cells in which transcription was limited to the nucleoli, suggesting an alteration in localization of pol II, depending suggests that both pol II and transcription are broadly dispersed throughout the nucleoplasm in a particulate, on the ability to detect numerous nascent transcripts. It should be noted that although mAb H5 recognizes non-speckled pattern.
The underlying reason for both a meshwork and 'dotted' hyperphosphorylated polymerase II, it has been shown to be capable of detecting pol II in cells arrested for transcripdistribution of both pol II and BrUTP incorporation is unclear. Given the limits in resolution of light microscopy, tion immediately before or after mitosis or with drug treatment (Bregman et al., 1995) , indicating that the the meshwork pattern could represent the transcription of single, moderately transcribed genes, whereas the dots phosphorylated CTD epitope is still present under these conditions. In agreement with this interpretation, cells could represent either clusters of genes or individual highactivity transcription units. Regardless of their origin, the with and without appreciable BrU incorporation had approximately equal staining with mAb H5 (compare the similar appearance and location of both incorporation and polymerase suggests that both regions represent active two cells in Figure 2E ), suggesting maintenance of the phosphorylated pol II epitope detected by this antibody in sites of pol II-directed transcription and that both are clearly distinguishable from speckles.
cells not actively incorporating BrU. We interpret the lack of nucleoplasm-wide pol II staining Close examination of multiple double-labeling experiments indicated that the discrete sites of pol II and and BrU incorporation in the minor cell population to reflect minimal pol II-directed transcription in these cells. BrU staining in cells demonstrating nuclei-wide BrU incorporation were not absolutely coincident. The size, Alternative interpretations, including lack of permeability to both anti-pol II antibodies and nucleotide analogs, or shape or intensity in some of overlapping domains are not exactly the same. In particular, it was usually possible to inaccessibility of antigens to antibodies, seem unlikely because of the ability of pol II actively to decorate speckles observe a subfraction of pol II staining that had little associated BrU incorporation which presumably reprein these cells as well as the ability to detect nucleotide incorporation into nucleoli in the same population. sented the subpopulation of pol II that was not actively engaged in the transcription . Moreover,
In vitro splicing has recently been shown to be inhibited if all uridines (U) within the utilized precursor RNA were the loci of nucleoplasmic BrU incorporation demonstrated considerable overlapping pol II staining.
replaced with BrU, presumably due to a strict requirement for U in consensus splicing sequences (Wansink et al., In addition to H5, mAb H14, which recognizes various phosphorylated forms of the pol II large subunit, was also 1994). To address possible problems in factor localization arising from the use of a nucleotide analog, we compared used in co-localization of pol II and its transcripts. In both CaSki and OV-MZ-15 cells, H14 staining appeared identical the staining patterns of BrU, pol II and SC35 in CaSki and OV-MZ-15 cells during in situ transcription experito H5 pattern as a meshwork overlaid with discrete nuclear dots which overlapped with BrU staining, suggesting that ments using mixtures of UTP and BrUTP in various ratios, or in the total absence of BrUTP. The BrU staining pattern different phosphorylated forms of pol II may exist in transcription domains. This result agrees with the results shown remained the same when the ratio of UTP:BrUTP was varied over a 4-fold range (data not shown), indicating in Figure 1A that both antibodies can recognize transcriptionally engaged polymerase molecules. minimal impact on the sites of transcription as BrUTP was added. More importantly, the pattern of pol II and SC35 staining remained the same when cells were tranPol II localizes to speckles in cells not actively involved in transcription scribed in the absence or presence of BrUTP (data not shown). Thus, the distribution patterns of pol II and SC35 A second pattern of in situ transcription was observed with CaSki, but not OV-MZ-15 cells, and is represented were not affected by the presence of BrU during an in situ transcription experiment. by the bottom cell in Figure 2D -F. This cell, representing 20-40% of the population, stained minimally with the anti-BrU antibody, indicating a poor incorporation of BrU.
Inactivation of transcription localizes pol II to speckles Incorporation in these cells was restricted to nucleoli when detected with phase-contrast microscopy (data not shown).
The above experiments suggested a correlation between transcriptional state and the localization of polymerase II In this second subpopulation of cells, pol II staining was concentrated into minimal domains that resembled within the nucleoplasm. To better correlate the two, experiments were performed in which transcription was speckles. A speckled distribution of pol II has been reported previously for MDCK cells (Bregman et al., halted by either treatment with α-amanitin or heat shock ( Figures 2J-L and 3, respectively) . When α-amanitin was 1995). In this latter study, speckles were preferentially seen in cells within the early G 1 or late G 2 phases of the added to the in situ transcription of CaSki cells at a concentration sufficient to inhibit only polymerase II, cell cycle, in~20% of the cells within an unsynchronized cell population.
BrU incorporation was severely curtailed in the entire population and bright staining was limited to nucleoli The data in Figure 2D -F indicated that the pattern of pol II localization depended on the distribution of nascent ( Figure 2J ). In all cells, pol II staining was highly Fig. 3 . Heat shock causes a redistribution of polymerase II in MDCK cells. When cells were fixed and then permeabilized with non-ionic detergent, mAb H5 normally stained a meshwork, non-speckled pattern (A). Cells subjected to a heat shock of 45°C for 1 h, and stained with the same antibody showed a speckled pattern (B). After recovery at 37°C for 1 h, the speckled distribution of pol II disappeared and the meshwork staining pattern was restored (C); recovery at 0°C maintained pol II staining as a speckled pattern (D). Bar ϭ 10 μm.
concentrated in a minimal number of centers, to produce compared in CaSki cells under conditions of in situ transcription ( Figure 4 ). As before, pol II staining was a pattern closely resembling that of speckles ( Figure 2K and L). Thus, when pol II activity was inhibited and the observed in different patterns in subpopulations of cells: a broad meshwork was observed in a majority of cells synthesis of pre-mRNA arrested, pol II staining was highly localized.
with pronounced 'speckles' in a minority of cells (speckles marked with arrows in Figure 4A ). In addition, there were Heat shock also inhibits pre-mRNA production. When MDCK cells were subjected to a heat shock of 45°C for cells in the population that demonstrated an intermediate pattern of pol II distribution. The speckles of pol II 1 h, pol II distribution as monitored by staining with the mAb H5 antibody was concentrated into speckles as correlated well with the speckles of SC35 ( Figure 4B ). Interestingly, SC35-detected speckles were most prodistinguished from the nucleoplasmic meshwork staining in cells at normal temperature (compare Figure 3B with nounced in those cells demonstrating pol II speckles. In those cells in which pol II was more dispersed to the Figure 3A) . If permitted to recover at 37°C for 1 h, the speckled distribution of pol II disappeared and the normal meshwork and nuclear dots, the SC35 speckles were less pronounced, suggesting that SC35, like pol II, may meshwork staining pattern was restored. Recovery of pre-heat shock distribution of pol II required normal redistribute dynamically within nuclei depending on transcription (see also Figure 6 ). temperature; recovery at 0°C caused maintenance of pol II staining in a speckled pattern ( Figure 3C and D, respectively). As with α-amanitin treatment, pol II distribuPolyadenylation and splicing factors overlap with sites of transcription tion was throughout the nucleoplasm under conditions permitting transcription, but was more localized into a Similar appearance of in situ BrU incorporation and polymerase II within both a broad meshwork and dots speckle-like pattern when pre-mRNA production was inhibited. The reversible recompartmentalization of pol II throughout the nucleoplasm permitted us to re-address the question of co-localization of transcription and RNA upon heat shock suggests a possible cycling of polymerase between speckles and more widely distributed sites of processing with an emphasis on the non-speckled portion of the nucleus. Figures 5 and 6 examine the localization transcription.
To confirm that the minimal staining domains of pol II of transcription as measured by BrU incorporation versus the localization of the polyadenylation factor CstF and detected when transcription was arrested actually were speckles, the staining pattern of pol II and SC35 were the arginine-serine-rich (SR) family of splicing factors. Figure 2E is shown (A), ranging from an utterly dispersed pattern (left three cells) to a pattern containing both dots and speckles (arrows) overlaying the meshwork staining. SC35 localization (B) also varied but to a lesser degree, with sharper speckles in cells with a more speckled pol II distribution (right) and appearance of background meshwork staining in cells with more distributed pol II (left). Bar ϭ 5 μm.
CstF is a highly conserved heterotrimer involved in the respectively), suggesting that polyadenylation factors and polymerase II are localized in the same or adjacent regions polyadenylation of pol II-transcribed pre-mRNA. Previous studies had indicated that antibodies to CstF broadly stain of the nucleus. It should be noted, however, that certain 'dots' accentuated in the BrU incorporation stained only nuclei (Takagaki et al., 1990) . Recently, cleavage factors CstF and CPSF were also shown to be enriched in a poorly with the anti-CstF antibody, suggesting either a population of pol II-directed transcripts not requiring few 'cleavage bodies', some of which contained newly synthesized RNA (Schul et al., 1996) . When used to stain polyadenylation, such as histone pre-mRNA, or partial masking of one antibody for the other. Cumulatively, in OV-MZ-15 cells in an in situ BrU incorporation study, antibodies to BrU and the 64 kDa subunit of CstF appeared addition to antibody blocking, CstF staining and BrU incorporation overlap broadly over the nuclear meshwork. to block each other in many cells, i.e. if a cell was significantly stained by one antibody, the intensity of the Staining with antibody 104, which detects the major members of the mammalian SR family of splicing factors alternate staining was too weak to record. This blocking effect strongly suggested co-localization of epitopes in (Zahler et al., 1992) , also stained nuclei broadly in those cells that actively incorporated BrU ( Figure 6A-C) . A nascent RNA and CstF within the nucleus. A portion of stained cells showed less blocking and permitted portion of the broad staining appeared to overlap with nascent RNA; a portion of the BrU incorporation was not visualization of CstF in a broad meshwork pattern similar to the pattern of BrU incorporation ( Figure 5A and B, associated with appreciable mAb 104 staining. Thus, the SR proteins did not seem to be as prevalently associated
Discussion
with pol II transcription units as did the polyadenylation Localization of transcription within mammalian factor CstF, consistent with a uniform requirement for nuclei CstF in the generation of polyadenylated RNA and a more Recently, it has become possible to localize RNA polyspecialized requirement for the major SR proteins family merase II in somatic nuclei at the level of light microscopy members detected by mAb 104.
via the use of monoclonal antibodies H5 and H14 directed As with the pol II antibodies, staining of splicing factors against the CTD of the large subunit (Bregman et al., in those cells that actively incorporated BrU was visually 1995; Kim et al., 1997) . Applied to several lines of different than staining in cells that poorly incorporated cultured mammalian cells, these antibodies detected pol BrU. In these latter cells, the SR proteins detected by II throughout the nucleoplasm in a broad meshwork with mAb 104 were highly localized into minimal domains of several hundred sites of preferred localization. This pattern speckles. Thus, like pol II, the localization of SR proteins suggests that Pol II is distributed broadly in the nucleowithin the nucleoplasm was related to the ability of plasm and, by inference, that pol II-directed transcription individual cells to demonstrate appreciable BrU incorpof pre-mRNA occurs throughout the nucleoplasm. Such oration.
an interpretation was substantiated via the use of in The pattern of staining observed with the anti-SC35 situ incorporation of nucleotide analogs to detect active antibody was also compared with the pattern of BrU transcription. The nuclear distribution patterns of both pol incorporation in a double-label experiment ( Figure 6D -II and in situ nucleotide incorporation were highly com-F). Similar to the mAb 104 staining, the staining pattern plex, with both antigens distributed in a meshwork pattern of this individual SR protein varied from dispersed that appeared fibrous under high magnification. Although throughout the nucleoplasm ( Figure 6E , top cell) to co-localization of complex patterns is hard to determine concentrated within minimal speckle domains ( Figure 6E , unambiguously via light microscopy, the patterns of pol bottom two cells). BrU incorporation was maximal in II and BrU incorporation appeared to co-mingle throughout cells showing a dispersed SC35 pattern, and minimal the nucleoplasm, suggesting that both patterns are indicatin cells demonstrating a concentrated, speckle pattern ive of pol II transcription of pre-mRNA and that such ( Figure 6D) . transcription is not restricted to minimal domains within In cells demonstrating the more classical speckle pattern mammalian nuclei. of SC35 staining, the limited BrU incorporation occurring When transcription was arrested by either drugs or heat did not co-localize with the speckles (Figure 6F ). Dispersed shock, polymerase II distribution altered such that it could and apparent overlap of BrU incorporation and SC35 no longer be detected as an intensive meshwork throughout increased as the level of overall incorporation of BrU the nucleoplasm and instead appeared in minimal domains increased, suggesting that at least a portion of the SC35 corresponding to speckles. These results suggest a dynamic is localized throughout the nucleoplasm when BrU incorpsituation in which polymerase II is recruited to sites of oration and transcription is occurring maximally. The active transcription located throughout the nucleoplasm overlap of SC35 staining and BrU incorporation was not and relocates during inactive transcription to minimal as pervasive as the overlap of pol II and BrU incorporation, domains. In this view of nuclear pre-mRNA generation, suggesting that SC35 is not associated with all nucleoplasmic transcripts.
speckles would be considered as temporary storage or perhaps recycling centers for multiple factors required for in pol II-directed transcription during the labeling interval.
Observation of this population of pol II localized to mRNA biogenesis.
Evidence that pol II could be detected in a speckled speckles was cell line-specific; OV-MZ-15 cells, a line of human cervical carcinoma cells, for example, did not yield pattern has been reported previously (Bregman et al., 1995) . Pol II was detected in speckles most predominantly a speckle pattern unless transcription was deliberately blocked. Cumulatively, the observations from experiments during early G 1 and late G 2 stages of the cell cycle in MDCK cells, suggesting that pol II localization was localizing polymerase II and sites of BrU incorporation indicate that neither are localized to speckles when tranconcentrated in speckles during those parts of the cell cycle associated with minimal transcription. Here, we saw scription is maximal, but that pol II can be seen in such minimal domains under natural or induced conditions pol II localization to a speckle pattern in a minor population of CaSki cells during an in situ transcription experiment.
when transcription is restricted. The C-terminal domain of polymerase II contains all This population of cells incorporated BrUTP only within nucleoli, suggesting that they were not actively engaged known phosphorylation sites in the subunit (reviewed in Corden, 1993; Dahmus, 1995) . Two pol II-directed peptide inhibits in vitro (Yuryev et al., 1996) and in vivo (Du and Warren, 1997) RNA splicing. antibodies used in this study, H5 and H14, are directed against hyperphosphorylated or various forms of phosphorylated pol II, respectively. In experiments using Models for nuclear organization of mRNA transcription and processing immunoprecipitation of nascent in vivo RNA (Figure 1 ) and in situ BrU incorporation, both H5 and H14 antibodies This study examined the distribution of bulk factors. Earlier attempts to address the possibility of co-localization efficiently recognize newly transcribed RNA. No significant difference was observed in their abilities to bind of transcription and processing have used in situ hybridization techniques to detect identified individual transcripts or transcriptionally engaged polymerases, indicating the involvement of different forms of phosphorylated pol II bulk polyadenylated RNA. Although different laboratories have observed different results, at least several abundant, during transcription. These results also imply that the level of phosphorylation may not be well correlated with actively transcribed genes have consistently been localized to speckles rather than to the inter-speckle meshwork transcriptional activity per se, although phosphorylation occurs concomitant with the initiation of transcription and described in this report. Two possible explanations present themselves immediately for the discrepancy between localelongating pol II has been shown to be hyperphosphorylated (Laybourn and Dahmus, 1990; Kang and Dahmus, ization of individual transcripts to speckles and the localization of bulk transcription to the region between the 1993; Weeks et al., 1993) .
speckles. The first explanation, which we prefer, is that transcription units operating to produce extremely abundCo-localization of transcription and splicing Elegant electron microscopy of Drosophila salivary glands ant pre-mRNAs are situated near localized regions of high concentration of splicing factors-the 'speckles'-but that has suggested that transcription and processing are coincident with 5Ј-proximal introns being recognized and promost transcription units operating at lower efficiency are localized throughout the nucleoplasm. Certainly the genes cessed before 3Ј-proximal regions of a pre-mRNA have even been synthesized (Beyer et al., 1988) . If transcription that have been localized to speckles in previous studies, collagen and fibronectin, are extremely abundant RNAs and processing are coincident, co-localization of transcription and processing factors would be predicted. Here, we in the cell types examined and might not be representative of lower copy transcription units (Xing et al., , 1995 . show that BrU incorporation, pol II localization and localization of one polyadenylation factor (CstF) and a
The ability of high-activity transcription units to be found near speckles is underscored by the co-localization of family of splicing factors (the SR proteins detected by mAbs 104 and SC35) overlap throughout the nucleoplasm speckles and transfected plasmid DNA with transcription driven from strong promoters (Huang and Spector, 1996) . in a pattern of a nucleoplasmic meshwork with many sites of preferred staining that is distinguishable from speckles.
A second, and in our opinion less attractive, hypothesis is that BrU incorporation and polymerase II localization This meshwork pattern of nascent RNA staining has not been the focus of previous studies because of an interest cannot be used to indicate pre-mRNA synthesis because of the existence of a large population of polymerase IIin the more visually prominent domains represented by speckles. Broad meshwork staining, however, has been driven transcription to produce RNAs other than premRNAs. Early studies examining nuclear RNA indicated noticed in studies of the distribution patterns of a number of processing factors other than SC35 (Takagaki et al., that the sequence complexity of nuclear RNA is not represented in mRNA Salditt-1990; Carmo-Fonseca et al., 1991a ,b, 1992 Jenny et al., 1994; Krause et al., 1994) . Georgieff et al., 1981) . Given the experimental limitation used in early studies, however, this non-mRNA may in Our results indicate that splicing factors are located throughout the nucleoplasm in the same area in which part be represented by intervening sequences (whose sizes are considerably larger than exons in vertebrates) as well transcription by pol II is occurring. Like the localization of polymerase II, the localization of splicing factors was as a class of RNA undergoing rapid nuclear turnover (from genes regulated at the level of nuclear RNA stabilizadependent upon the transcriptional activity of the cell being examined. When BrU incorporation was high, tion). In this study we document that incorporation of ribonucleotides and pol II-localization as detected by splicing factors localized throughout the nucleoplasm; when it was low, they concentrated in speckle-like antibodies directed against a transcriptionally competent form of pol II are not restricted to speckles, but are instead domains. Thus, both splicing and transcription factors have a dynamic localization within the nucleus and may widely distributed throughout the nucleoplasm, indicating that transcription by pol II is broadly distributed. Thus, be recruited from speckles to the position of active transcription.
in the absence of contradictory data establishing that pol II distribution and BrU incorporation represent a bulk Our results are also in agreement with recent biochemical studies that suggest an interaction between the tranpopulation of RNA other than pre-mRNA, we interpret our results to indicate that transcription and processing scription and processing machinery. Isolation of cDNAs that interact with the CTD of polymerase II in the yeast occur throughout the nucleoplasm. In addition to the broad meshwork pattern observed for two-hybrid system (Yuryev et al., 1996) identified four genes each containing a significant arginine-serine domain most of the antibodies used in this study, we likewise observed that each also stained multiple sites of preferred similar to those found in the arginine-serine family of splicing factors (Zahler et al., 1992) , suggesting a direct localization. These were more numerous and smaller in diameter than classic speckles. For polymerase II, these protein-protein interaction between polymerase II and splicing factors. More directly, antibodies against poly-'dots' overlapped with BrU incorporation, indicating that they represent active sites of in situ transcription. A similar merase II inhibit in vitro splicing and the pol II CTD pattern of preferred staining has been noticed previously CaSki or OV-MZ-15 cells grown on coverslips were washed with a in in situ incorporation experiments (Jackson et al., 1993;  'physiological' buffer (PB) (pH 7.4, 22 mM Na ϩ , 130 mM K ϩ , 1 mM Wansink et al., 1993; Iborra et al., 1996; Mg 2ϩ , 2.5 mM Ca 2ϩ , 31 mM Cl -, 100 mM acetate, 11 mM phosphate, 1996). The identity of these regions is unclear, but they 0.5 mM ATP, 1 mM DTT and 0.2 mM PMSF; Jackson et al., 1993) . Samples were then slightly permeabilized with cold 0.025-0.05% Triton are of an abundance to suggest that they may represent X-100 in PB for 2 min. Run-on transcription was performed by incubating abundant transcription units. The association of these cells with reaction buffer (PB containing 0.1 mM CTP, GTP and BrUTP; domains with the polyadenylation factor CstF underscores 2 mM MgCl 2 and 4 U/ml RNasin) for 20-30 min at 30°C. Alternatively, their likely identification as transcription units. Splicing cells were incubated with reaction buffers containing mixtures of UTP/ BrUTP in a ratio of 1/3, 2/2 or 3/1, or UTP alone, respectively. For factor antibodies only stained a subset of these locations, inhibition of in situ transcription, 1-2 μg/ml α-amanitin was added to suggesting preferred localization of splicing factors with the reaction buffer during BrU incorporation. Reactions were stopped only a subset of pre-mRNAs.
by rinsing samples with cold PB and cells were post-permeabilized with Overall, our results are not consistent with speckles as cold 0.1-0.2% Triton X-100 in PB for 2 min. Finally, cells were fixed the preferred sites of transcription and RNA processing. indicating an ability to locate individual transcription units to speckles, we suggest that transcription and splicing are Immunofluorescence and microscopy coincident and localized throughout the nucleoplasm,
The following primary antibodies were used for immunofluorescence in presumably at the sites of the transcribed chromatin. In this study: pol II large subunit antibodies, mAb H5 and mAb H14 addition, we suggest that abundant transcription units, (Bregman et al., 1995) ; mAb anti-SC35 (ATCC); anti-BrdU mAbs (Boehringer Mannheim, Seralab); mAb anti CstF 64 kDa (Takagaki especially those driven from transfected genes, can be et al., 1990) ; and mAb 104 (Zahler et al., 1992) . seen at the light microscopy level as dots or speckles of Cells were labeled with BrUTP and then fixed as described above.
preferred staining that represent local high concentrations For samples without BrU labeling, cells were permeabilized for 1-2 min of both transcription and processing factors. Furthermore, with 0.5% Triton X-100 in CSK buffer (10 mM PIPES pH 7, 1 mM EGTA, 3 mM MgCl 2 , 20% sucrose; Fey et al., 1986) , and then fixed we suggest a dynamic interaction between the dispersed 
Materials and methods
Dynamics; Figures 2 and 6 ). Optic sections of double-stained samples were scanned with a Nikon laser microscope. A dual wavelength channel Cell culture and heat shock was used to excite FITC and TRITC/Texas Red at 488 and 568 nm Human cervical epidermoid carcinoma cells (CaSki) were grown in respectively. Fluorescent signals of both fluorochromes were recorded RPMI 1640 with 10% fetal bovine serum (FBS). HeLa and MDCK cells simultaneously at one scan. No cross-talk was observed. Image slides were grown in DMEM with 10% FBS. The human ovary cancer cell were taken from a digital camera (Polaroid, Cl 5000S) using Adobe and line, OV-MZ-15 was maintained in the same DMEM/FBS medium Powerpoint software. supplemented with 10 mM HEPES pH 7.0, 2 mM glutamine, 116 μg/ ml arginine and 30 μg/ml asparagine. Heat shock was applied by incubating MDCK cells grown on coverslips at 45°C for 1 h, followed
